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Abstract— In this research, we investigate, develop, and verify
a methodology for step/stair-climbing with human and machine.
Step/Stair-climbing mobility devices have been investigated in
the field of mechatronics, but human capability has not always
been utilized explicitly regardless of physical conditions. In
this work, we propose a step/stair-climbing methodology which
utilizes human capability using an appropriate mechanism
towards human centered assistive devices.
We studied 3 step/stair-climbing mobility devices. First one
is a stair-climbing mobility device with lever propelled rotary-
legs using human upper body strength. Second one is an active
rotary-legs mechanism for stair-climbing mobility device. Third
one is a step-climbing methodology for standing mobility device.
All of the mobility devices were studied based on a concept of
mechanical power flow between human and machine. We also
focused on an overall center of mass position as well as the
power flow in the whole system including human, which realized
the proposed step/stair-climbing with human and machine.
We verified the proposed mobility devices through a series
of experiments. In the first study, we conducted experiments
with healthy persons, and a person with spinal cord injury who
use a manual wheelchair in daily life. The results demonstrated
stair-climbing could be performed independently without any
powered mechanisms. In the second study, we performed stair-
climbing experiments with a dummy, and it demonstrated that
stair-climbing could be done more efficiently in terms of energy
consumption based on the concept of mechanical power flow. In
the third study, we conducted step-climbing experiments with
a dummy, and it showed feasibility of the proposed method.
Throughout the experiments, we verified that position of the
overall center of mass plays an important role for the proposed
step/stair-climbing, which was realized by posture transition of
a user. We also verified that designing mechanical power flow is
another key point, which was realized by a mechanical structure
which stores, divaricates, and releases energy appropriately.
The main contribution of this research is to introduce
the methodology to perform step/stair-climbing using user’s
capabilities such as upper body strength to the field of existing
step/stair-climbing mobility devices focusing on mechatronics.
Also, this research shows guidelines as well as practical exam-




Mobility is defined in Cambridge Dictionary as the ability
to move freely or be easily moved. Historically, human
beings have explored and interacted with the world through
their mobility. In this day and age, we go to school, work,
play, visit friends, etc. by our own mobility. Regardless of
physical conditions, self-directed mobility is a fundamental
human right to fully participate in social life [1]. Self-
directed mobility is defined as mobility that is controlled by
an individual and may include walking, use of technology
such as gait trainers, motorized wheelchairs, or other similar
devices [2]. Self-directed mobility plays an important role
for healthy development, and independent life of human. For
example, children’s development including advancements in
cognition, social, and language skills, and emotional devel-
opment depends on perceptual-motor experiences obtained
through the self-directed mobility [3]. Also, we can continue
to participate in any social activities owing to certain level
of self-directed mobility. On the other hand, limited self-
directed mobility often leads to decrease opportunities to
socialize, which results in social isolation [4].
Around the world, there are a number of people who
suffer from limited self-directed mobility due to lower limb
impairments. For example, according to the Japanese Cabinet
Office, it is estimated that there are approximately630, 000
people with lower limb impairments [5]. Also, there are over
280, 000 people with spinal cord injury (SCI) in the United
States [6]. In addition, a global incident rate in2007 is
estimated at23 traumatic spinal cord injury (TSCI) cases
per million, which is179, 312 cases per year. Specifically,
the rate is40.2 per million in Japan, and54 per million
in the United States [6][7]. This shows that approximately
5, 000 and 17, 000 people newly suffer from the incidents
every year both in Japan and the United States, respectively.
Furthermore, TSCI in developed (high income) and develop-
ing countries primarily affects males aged18− 32 years old
[7]. Therefore, a large number of young people have limited
self-directed mobility in the prime of their life.
As I look forward their daily life, they often use
wheelchairs to support their mobility. World Health Orga-
nization have reported that there were approximately75
million people needed a wheelchair around the world [8].
Mobility can be supported by the wheelchairs. Also, manual
wheelchairs are widely used for people who have healthy
upper limbs [9][10], while powered wheelchairs are used
by those who have limited upper body capabilities [11][12].
Locomotion capability of manual wheelchairs have been
improved by utilizing unique mechanisms such as lever
propulsion control in the past years, which leads to more
efficient and suitable wheelchair propulsion design for phys-
iological biomechanics of the upper extremity joints [13].
Despite people with lower limb impairment use
wheelchairs to regain their self-directed mobility, they
encounter critical obstacles such as steps and stairs when
using wheelchairs [14]. One report says that almost all
of elderly wheelchair users cannot overcome a single step
whose height is over20 mm [15]. Regardless of their
upper body capabilities, they usually require at least one
helper to overcome steps and stairs. This circumstances
often cause wheelchair users to stay indoors, which leads
to decrease their physical and mental health. Although
barrier-free public spaces where slopes, elevators, etc. are
implemented have been promoted, it is almost impossible
to implement them in all public spaces. Also, in the case of
evacuation, elevators cannot be used during disasters such
as earthquakes; thus overcoming steps and stairs inevitably
be a critical issue to be dealt with for user safety.
B. Related Works
To deal with these critical issues, development and as-
sessment of step/stair-climbing mobility devices have been
performed so far. Design of step/stair-climbing mechanisms
directly affect the step/stair-climbing capability including
cost, stability, energy consumption, etc. In general, step-
climbing mechanisms are mechanically simple and easy to
implement to a regular wheelchair, since they deal with a
single step. On the other hand, stair-climbing mechanisms
are designed to climb up and down different stair height
and tread safely, which leads to the mechanisms be more
complicated.
To the author’s best knowledge, the stair-climbing mecha-
nisms are classified into four categories: crawler-based, leg-
based, multi-wheel-based, and hybrid mechanism.
• Crawler-based mechanism: A crawler-based mechanism
is mechanically simple and easy to control. It also has
large contact area with stair surface, which can ensure
high stability during stair-climbing. However, its energy
efficiency and speed for planar locomotion are rela-
tively low compared to other stair-climbing mechanisms
[16][17].
• Leg-based mechanism: A leg-based mechanism is de-
signed based on locomotion technique of animals in-
cluding human. It has flexible three-dimensional loco-
motion, and high adaptability to various stair dimen-
sions. However, its mechanism and control are usually
complicated, and its energy efficiency and planar loco-
motion speed are low [18][19].
• Multi-wheel-based mechanism: A multi-wheel-based
mechanism is an assembly part by combination of multi
wheels, where each wheel is distributed around a same
rotational center. The mechanism utilizes its rotational
motion of the assembly part to climb up and down stairs
[20][21]. The mechanism is simple and easy to control,
and has high energy efficiency. However, the climbing
process might be uncomfortable for users by its waving
motion. Also, it usually needs helpers to secure user’s
safety during stair-climbing.
• Hybrid mechanism: A hybrid mechanism is defined as
a mechanism which combines aforementioned mecha-
nisms in this study [22][23]. One of the examples for
hybrid mechanism is the wheel-leg mechanism [22].
The mechanism uses wheels for planar locomotion, and
uses leg mechanism for stair-climbing. Although the
mechanism is greatly innovative, it has larger size, and
becomes more complicated mechanisms.
As overall trend, almost all of them use powered mech-
anisms regardless of their step/stair-climbing mechanism
because users want to overcome steps and stairs alone to
perform their independent social activities. However, most
of the users use manual wheelchairs in daily life. Although
powered step/stair-climbing mobility devices play significant
role for people with lower limb impairment, shifting from
manual wheelchairs to powered mobility devices for only
overcoming steps and stairs is not always desirable from the
viewpoint of maintenance of physical fitness as well as size,
weight, energy efficiency, and cost.
Furthermore, almost all of the related researches consid-
ered a user as a weight that can control a step/stair-climbing
mobility device via an interface such as a joystick even
in the case that the user has healthy upper body strength.
Such users can propel manual wheelchairs using their upper
body strength to move around in public spaces. Therefore,
the area of step/stair-climbing mobility devices leave room
for considering a possibility to overcome steps and stairs
by user him/herself with an appropriate passive/powered
mechanisms.
II. RESEARCHQUESTION
Research of step/stair-climbing mobility devices from the
view point of mechatronics has been performed so far, which
would correspond to the fact that almost all of related
researches focused on only design of mobility device itself.
It does not include human explicitly. Towards life with self-
esteem and independence for human, I discuss the following
research question throughout this study:
• What is the step and stair-climbing with human and
machine?
Exploration for answering this question would provide not
only design requirements for step/stair-climbing with human,
but also some insights to design future human centered
mobility devices that improve user’s independence, which
would be integrated into our everyday life.
To explore the research question, I hypothesized about the
step/stair-climbing with human and machine as follows:
• I predict that a user’s posture on a mobility device
affects its locomotion capability, e.g., for both planar
locomotion and stair-climbing.
• I predict that some wheelchair users can climb up
stairs by themselves using a proper mechanism with an
appropriate posture for stair-climbing.
• I predict that designing physical interactions among all
elements including human would be one of key points.






































Fig. 1. Conceptual overview of the research.
A. Objectives
Figure 1 shows a conceptual overview of this research.
The research objective is to establish a step/stair-climbing
methodology for wheelchair users that performs step/stair-
climbing using user’s capabilities such as upper body
strength, with appropriate mechanisms. This research focuses
on exploiting mechanical power flow between human and
machine for human centered design. Based on the mechan-
ical power flow, appropriate physical interactions between
human and machine are designed. This research mainly
focuses on extending functionalities of regular wheelchairs.
However, since standing mobility devices are placed more
expectations for future locomotion supporting devices, the
research also focuses on extending functionalities of standing
mobility devices.
In this research, following 3 case studies have been
performed in sequence:
1) Case study A: Stair-climbing mobility device with
lever propelled rotary legs
2) Case study B: Stair-climbing mobility device with an
active rotary legs mechanism
3) Case study C: Standing mobility device with a passive
step-climbing mechanism
1) Mechanical Power Flow between Human and Machine:
Power flow originally refers the result of the interaction
between power generation, consumption, and available trans-
mission paths in the field of electrical engineering [24][25].
Also, concept of mechanical energy or power flow has been
used in different engineering fields [26][27]. The concept
of mechanical power flow is usually used to understand
characteristics of target system, and effect of each component
as well. In this study, I defined the mechanical power flow
between human and machine as the physical interaction
between mechanical components with a human including
environments, which deals with energy and forces. Human
is considered as not only an operator of machine, but also
one of the requisite mechanical system elements to realize
step/stair-climbing. Therefore, design for way of utilizing
uman capability such as upper body strength would deter-
mine step/stair-climbing performance, and would determine
required human capability for operation.
III. M ETHODOLOGY
A. Stair-Climbing Mobility Device with Lever Propelled
Rotary Legs
An overview of the proposed stair-climbing mobility de-
vice is shown in Figure 2. The mobility device enables planar
locomotion and stair-climbing by changing user’s posture on
the chair with a posture transition mechanism. The proposed
stair-climbing mobility device is designed based on a regular
manual wheelchair to maintain its original planar locomotion
capability. The stair-climbing mechanism has a pair of rotary-
legs that can be driven by the user’s upper body through
levers. The rotary-legs mechanism is a combination of a
frame where three rods are positioned120 deg apart, which I
call rotary-legs, and casters with another frame. The user can
climb steps and stairs individually owing to this mechanism,
where the rotary-legs are turned through coaxially mounted
levers by the user. Users can take an appropriate posture for













































s  = 200 m
m
Riser h
s  = 90 mm
 h



























































Fig. 3. Relationship between generated friction force on the contact point between the rotary-legs and the stair surface, and required force for manual
wheels to climb up one step. I derived the relationship based on the simple quasi-static free body diagram.
passive posture transition mechanism using springs. Shifting
the center of mass (COM) of the user to an appropriate range
makes stair-climbing more secure and stable to be performed
solely using the user’s upper body motion. The transition
from the planar locomotion posture to the stair-climbing
posture is achieved by tilting user’s trunk backwards on the
mobility device. This produces compression force on springs,
which causes the seat to incline backward. In this study,
I consider people with paraplegia who have healthy upper
limbs as the main support target. In particular, main support
target is people with spinal cord injury up to vertebrae T12
since the proposed stair-climbing mobility device requires
certain upper body strength to operate.
1) Modelling for Climbing Up Stairs: In the stair-
climbing strategy, rotary-legs are used as drive wheels. In this
situation, there is a concern that the manual wheels might
not be able to climb up stairs in the case that the rotary-legs
cannot generate enough force at the contact point between
the rotary-legs and the stair surface. Therefore, I need to
investigate the design requirements for the stair-climbing.
The left side images of Figure 3 show the simple free body
diagram of the proposed mobility device when climbing up
stairs. I note that the equilibrium equations can be different in
the stair-climbing situation, i.e. whether the manual wheels
climb up one step or not as shown in Figure 3. I also note
that the required forceFreq in Figure 3 becomes much larger
when the manual wheels climb up one step, which is the
most challenging situation of the stair-climbing. Therefore,
I derive equilibrium equations under the situation.
The required force for manual wheels to climb up one step
is then derived as follows:






wheremf denotesthe weight acting on the pair of manual
wheels, r denotes the radius of the manual wheels,hs
denotes the height of one step,L(ϕ) denotes the moment arm
of the required force from the contact point of the manual
wheels, andϕ denotes the angle between the horizontal line
and the frame that connects the manual wheels and the
rotary-legs.
Next, the friction force generated by the contact point
between the rotary-legs and the stair surface is calculated
as:




wheremr denotesthe weight acting on the pair of rotary-
legs, µ denotes the maximum static friction coefficient
between the rotary-legs and stair surface. The derived
forces must satisfy the following condition to achieve stair-
climbing:
Fex > Freq. (3)
To clarify the fundamental design remarks of the proposed
stair-climbing methodology, I setϕ to be 0. The required
force and the generated force are then derived as follows:






Fex|ϕ=0 = f(µ,mr) = µmrg. (4)
According to the equations (4), the most important pa-
rameter is the overall position of the COM which affects the
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weight acting on both pair of the manual wheelsmf and
the rotary-legsmr. Since I aim at extending functionality of
the regular wheelchair, the proposed stair-climbing strategy
cannot allow designers to modify wheelchair structure such
as size of manual wheelr dramatically. Also, the range of
stair heighths has been determined according to [28][29].
Maximum friction coefficientµ is also limited based on
the surface condition between the rotary-legs and the stair
surface.
The right side of Figure 3 shows the relationship between
the required force and the generated force. I set the maximum
height of one step to200 mm according to [28][29]. Figure
3 indicates that the mobility device cannot climb up stairs
if the overall COM is located such that the required force
exceeds the generated force. The distance ratio of the COM
in Figure 3 is a ratio between the length of revolute joints
of the manual wheels and the rotary-legs in the horizontal
direction and the COM position from the revolute joints of
the rotary-legs. In this manner, through posture transition of
the user, the overall position of COM should be shifted down
and backward. Users can therefore achieve the stair-climbing
function.
B. Stair-Climbing Mobility Device with an Active Rotary
Legs Mechanism
In the aforementioned stair-climbing design, a user is
shifted to close the point of rotation of the rotary-legs
through the posture transition mechanism, which would
reduce the torque requirements for stair-climbing, and thus
would enable the original lever propelled rotary-legs to be
operated by human upper body. In this work, I build up on the
previous design, and introduce an active mechanism, called
the active rotary-legs mechanism, to actuate the rotary-legs.
Instead of directly actuating the rotary-legs, the proposed
mechanism preserves the advantages of the previous design
by replacing the lever propelling action. This mechanism
combines appropriate passive components with motors, such
that the mechanism can be small and low power consumption
for the stair-climbing up and down mobility, and also still
potentially allows a user to control the rotary-legs by lever
propelling action manually. The main support target extends
to people who do not have enough upper body strength
to operate the previously proposed stair-climbing mobility
device independently.
1) Active Rotary-Legs Mechanism:I set the following
requirements of the proposed mechanism to replace the lever
propulsion mechanism of a user.
(1) The proposed mechanism exerts enough torque for stair-
climbing.
(2) The stair-climbing mobility device with the proposed
mechanism climbs up one step as almost same speed as
the lever propelled version.
(3) The stair-climbing design does not require any position
and speed control for the rotary-legs.
(4) The proposed mechanism can also potentially allow a
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Fig. 4. Concept of the proposed active rotary-legs mechanism.
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Fig. 5. Working principles of the proposed active rotary-legs mechanism.
In this study, I propose a 4 bar linkage mechanism com-
bined with motors and springs to satisfy the requirements as
shown in Fig. 4. The mechanism can amplify the motor input
torque sufficiently. Also, I can make use of the output link
movement of the 4 bar linkage for the rotary-legs mechanism
to climb stairs. However, the transfer ratio between a motor
and the output link is large since the required torque for
the stair-climbing is relatively large. The movement angle of
the output link becomes smaller if the transfer ratio between
the motor and the output link becomes larger. Therefore,
the required time for climbing one step might not meet
the requirement. I consider that distributing motor torque
can be one of suitable solutions to reduce the transfer
ratio based on parallel elastic actuators (PEAs) [30][31].
PEAs can reduce the peak torque, energy requirements, and
power consumption of a motor because the actuators task is
distributed between the motors and the elastic components.
The elastic components provide the portion of the required
output torque that can lower the required motor torque. This
can also reduce the transfer ratio between the motor and the
output link of the 4 bar linkage. I consider that this might
contribute to satisfy the torque and time requirements.
The working principles of the proposed mechanism is
shown in Fig. 5. The mechanism has two phases. The first
phase is one where the motors and the springs exert torques
in parallel (right side in Fig. 5). The second phase is one
where the motors compress the springs (left side in Fig.
5). Each phase works alternately when the mechanism takes
singular points. Further, I can use the generated torque when
the mechanism is in the phase demonstrated on the right side
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in Fig. 5. Therefore, I install one-way clutches. The output
link of the 4 bar linkage is connected to a one-way-clutch.
The one-way clutch is subsequently connected to the rotating
shaft of the rotary-legs so that the generated torque by the
mechanism is transmitted to the rotary-legs only when the
motors and the springs exert torques in parallel (right side
in Fig. 5). The angular displacementϕ is determined based
on the length of each link, which is equal to the rotational
angle of the rotary-legs over one motor cycle.
C. Standing Mobility Device with a Passive Step-Climbing
Mechanism
I derived that shifting overall position of COM within a
desired range by the posture transition of a user would allow
the user to overcome a stair by user him/herself. The posture
transition would also reduce a torque requirements for stair-
climbing, and the distribution of a torque requirements be-
tween active and passive components would allow to perform
stair-climbing more energy efficiently. We propose a step-
climbing with human and machine based on these findings.
In this work, the target height was set to be 150 mm based on
size of curbstone in Japan. We designed the mobility device
using a simulation (SolidWorks Motion Analysis). We note
that we could not describe all detailed information in this
paper because of patent application.
IV. D EVICE IMPLEMENTATION
A. Stair-Climbing Mobility Device with Lever Propelled
Rotary Legs
Figure 6 shows an overview of the developed stair-
climbing mobility device prototypes. Stair-climbing proce-
dures are realized by the mechanism with a pair of rotary-
legs and levers for rotating the legs using user’s upper body.
The posture transition mechanism using gas springs allows
a user to take suitable posture both for planar locomotion
and stair-climbing. The transition of seat attitude between
both for planar locomotion and stair-climbing is achieved
by tilting the user’s trunk. Tilting the trunk in the posterior
direction to shift the seat attitude for stair-climbing, and in
the anterior direction to shift the seat for planar locomotion.
Regarding the 1st prototype, the levers which are used for
stair-climbing, are connected to the rotational shaft through
one-way clutches, and the rotary-legs are fixed on the shaft.
The rotary-legs can rotate synchronously with the levers as
the user pulls them back while climbing stairs. On the other
hand, the rotary-legs rotate synchronously with the levers as
the user pushes them forward while climbing stairs in the
2nd version, since the rotational shaft of the rotary-legs and
the shaft for levers are connected via a pair of gears whose
reduction ratio is approximately 1.7.
B. Stair-Climbing Mobility Device with an Active Rotary
Legs Mechanism
Figure 7 shows a detailed inner structure of the stair-
climbing mobility device with the developed active rotary-
legs mechanism. The mobility device is equipped with a pair
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Fig. 6. Overview of the developed prototypes of the stair-climbing mobility
device with lever propelled rotary-legs.
1st version is for preliminary experiments by healthy participants, and 2nd
version is for end-user study.
motors and gas springs. With a help of the posture transition
of a user, the mechanism has only two 50 W motors, and two
gas springs to actuate the mobility device for stair-climbing.
The gas springs possessed a sufficient force in addition to
their minimal size to realize the stair-climbing.
The output links of the active rotary-legs mechanism and
the rotational shaft of the rotary-legs were connected via one-
way clutches. The ratchet mechanism were installed to the
rotational shaft. Through these mechanisms, the rotary-legs
rotated at a certain angle and maintained their position at
each interval, which realized the stair-climbing procedure.
C. Standing Mobility Device with a Passive Step-Climbing
Mechanism
We developed a prototype to verify the feasibility of the
proposed step-climbing methodology based on simulation
results.
V. PERFORMANCEEVALUATIONS
A. Stair-Climbing Mobility Device with Lever Propelled
Rotary Legs
1) Experiment for Planar Locomotion and Posture Tran-
sition: The planar locomotion performance of the developed
mobility device was investigated indoors with a healthy









Fig. 7. Detailed inner structure of the developed prototype of the stair-
climbing mobility device with active rotary-legs mechanism.
Climbing up stair with 160 mm step height
Fig. 8. Experiment for climbing up the stair indoor to verify the
effectiveness of the proposed methodology.
participant could smoothly go straight, go backward, turn
right and left, and turn in place with the developed mobility
device. Therefore, I could confirm that the developed mobil-
ity device has locomotion capabilities similar to a regular
manual wheelchair. Next, the posture transition achieved
by shifting the COM of the user was verified by testing
the developed mobility device with the same participant. I
confirmed that the participant could smoothly change posture
by tilting his trunk backward while pushing the mobility
device’s frame by hands and take the appropriate posture
for stair-climbing. This procedure took 5 seconds. A smooth
posture transition from the posture for stair-climbing to that
for planar locomotion was also realized by tilting the trunk
forward while grasping the hand rim of the mobility device.
This procedure took approximately 3 seconds.
2) Experiment for Stair-Climbing:The stair-climbing ex-
periment was then performed with the same participant
of the previous experiment to verify the effectiveness of
the proposed methodology using the 1st prototype. In the
experiment, the riser and the tread of one step are 160
mm and 300 mm, respectively. Figure 8 shows the image
sequence of the stair-climbing experiment. I confirmed that
the developed prototype could climb the stair successfully
1 2
3 4
Climbing up stair with 125 mm step height
Fig. 9. Experiment for climbing up the stair indoor using the developed
active rotary-legs mechanism.
through the motion of the user’s upper body, and combination
of the rotary-legs mechanism with the posture transition of
the user. In addition, the participant reported that he could
operate the lever propelled mechanism without excessive
burden. It tool approximately 6 seconds to climb one step.
3) Stair-Climbing Experiment with End-User:Experi-
ment for climbing up stairs with end user was conducted
in collaboration with University of Tsukuba hospital. We
recruited 1 manual wheelchair user as test-pilot volunteers
to evaluate the feasibility of the proposed stair-climbing
methodology. The user is a person with SCI vertebrae T11.
The user participated in the experiments with the informed
consent of the user, and all procedures were approved for by
the ethics committee in the University of Tsukuba.
The 2nd prototype was used for the experiment. The
user was asked to operate the lever to climb up stairs. The
prototype took the stair-climbing form before starting the
experiment. We used a stair whose height and tread are 125
mm and 300 mm, respectively.
We confirmed that the user could climb up the stair
using the proposed posture transition mechanism and the
lever propelled rotary-legs independently. In addition, the
user reported that the user could operate the lever operation
without excess upper body strength.
B. Stair-Climbing Mobility Device with an Active Rotary
Legs Mechanism
The experiment for climbing stairs using the stairs indoor
was performed to verify the effectiveness of the proposed
methodology. In this experiment, the riser and the tread of the
stairs were 125 mm and 300 mm, respectively. I decided to
use 32.5 kg weight instead of a human participant for the first
experiment because I would like to check the performance
of the mechanism itself. In addition, I would like to check
whether the mobility device can climb up, and whether there
is no adverse event at the beginning. In this current design,
the mobility device will climb up with up to 80 kg person,
but also, 32.5 kg can be feasible since the potential targets
include also children. I also used a stabilized power supply
for the motor input so that the mechanism generates required
torque and rotational speed for the stair-climbing.
7
Figure 9 shows the image sequence of climbing stairs
experiment. In the experiment, the developed mobility device
with the active rotary-legs mechanism could climb up the
stairs successfully without any accidents using the linkage
mechanism with motors and gas springs. However, it took
approximately 33 s to climb up 3 steps, and the average
required time was 11 s per step.
C. Standing Mobility Device with a Passive Step-Climbing
Mechanism
We conducted an experiment for step-climbing to verify
the feasibility of the proposed step-climbing methodology
using the developed prototype. We used a dummy (Hybrid-
III5th Percentile Female Dummy, JASTI Co., LTD.) whose
weight is modified to 60 kg for the preliminary step-climbing
experiment. The dummy is tied to the frames of the mobility
device so the dummy maintains standing posture. In the
experiment, the step height is adjusted to 145 mm, since
the size of the wheel of the prototype is smaller than that of
simulations. The step height in this experiment is determined
so that the same amount of driving force is required to climb
the target step regardless of the wheel size. Also, instead of
installing motors as an actuator, a person manually rotates
the wheels so that the prototype can climb the step in this
preliminary experiment. As a result, we confirmed that the
developed prototype could climb the target step.
VI. D ISCUSSIONS
A. Stair-Climbing Mobility Device with Lever Propelled
Rotary Legs
First, the experiments indoor showed that the participant
could perform the planar locomotion, posture transition, and
climbing up the stair by the user himself. The experiment
revealed that the proposed stair-climbing mobility device us-
ing the overall COM position shifting and the lever propelled
rotary-legs has stair-climbing capability performed by user
himself. I suggest the proper user’s posture transition on the
mobility device would change the whole behaviour with the
same input to the mobility device, which made the mobility
device climb up the stair successfully.
Next, experiments regarding stair-climbing up with 1
person with SCI vertebrae T11 revealed that the proposed
stair-climbing methodology using the overall COM position
shifting though the user’s posture transition and the lever
propelled rotary-legs could be feasible. It is worthy to
note that the participant could operate the lever propelled
mechanism independently. Further, the participants reported
that the lever propelled operation was not hard to perform.
This report indicates that the lever propelled force would be
reasonable for the target users who use manual wheelchairs
for daily life.
B. Stair-Climbing Mobility Device with an Active Rotary
Legs Mechanism
Experiment regarding the stair-climbing with the devel-
oped active rotary-legs mechanism revealed that the proposed
methodology that distributes torque requirements between
active and passive components would contribute to energy
fficient stair-climbing mobility devices. The output torque
of the equipped motor for the developed prototype has a
limitation. The motor itself cannot operate the rotary-legs
since the motor cannot exert whole required torque. However,
energy produced by the motor can be stored by the equipped
springs temporarily. The motor with the stored potential
energy in the springs can then operate the rotary-legs to-
gether. The important point is that designing mechanical
power flow by storing temporarily, and releasing energy at a
desired timing would contribute to the energy efficient stair-
climbing mobility device. Furthermore, the output link of
the developed active rotary-legs mechanism can be used for
the original lever propelled operation. Therefore, users who
do not possess enough upper body strength to operate the
original lever propelled mechanics would be able to operate
the mechanism with help of the mechanism using springs.
The rotary-legs slipped during the stair-climbing, espe-
cially when the manual wheels start to climb up each step. It
is assumed that one of the primary reasons is insufficient fric-
tion coefficient between the rotary-legs and the step surface.
Further experiments using a rubber with a relatively high
friction coefficient must be conducted. This might contribute
in reducing the required time for climbing one step, which
can satisfy the target time requirement for stair-climbing.
C. Step/Stair-climbing with Human and Machine
Figure 10 shows a concept of the proposed step/stair-
climbing with human and machine. First, it is necessary to
consider an overall COM position with human and machine,
since not only stability, but also behaviour of whole system
is depending on the position. In other words, intensity of
mechanical power flow between mechanical components and
environment can also change by an overall COM position.
Considering design of the driving/driven components is an-
other key factor, since the design changes the required input
power to operate. Next, a strategy to utilize human capability
should be carefully designed based on their conditions and
capabilities. Passive mechanisms such as lever propelled
operation would be suitable if a user has enough strength
to operate. One practical example is the case study A.
Powered mechanisms would also be required according
to target users, especially according to their physical condi-
tions. Subsequently, a mechanism to store mechanical energy
would also be necessary to compensate for lacking energy
to operate. Energy can be stored from human, a powered
mechanism, or even kinetic energy from a whole system.
One practical example is the case study B.
Last, divaricating the energy using mechanical structures
would play an important role. A designer can control the
power flow by designing connection among each mechanical
components, which would realize step/stair-climbing.
In conclusion, step/stair-climbing with human and ma-
chine is, an overall COM position control through user’s
posture transition, and designing mechanical power flow
































Fig. 10. Concept of step/stair-climbing with human and machine. Required components and practical examples are shown. All of components are not
always necessary, but must be selected based on requirements.
divaricate, and release mechanical power. This is my answer
to the research question at present.
VII. C ONCLUSION
In this research, we explored the research question of
step/stair-climbing with human and machine. Based on the
fundamental concept of mechanical power flow between
human and machine, we conducted 3 case studies to find
an answer.
First, we proposed a stair-climbing mobility device with
lever propelled rotary-legs using human upper body strength
in case study A. We described theories to realize the stair-
climbing by user him/herself. We then developed proto-
types based on a regular manual wheelchair. We verified
the proposed methodology through the experiments with
healthy persons, and a person with SCI who uses a man-
ual wheelchair for locomotion supporting device. The ex-
perimental results demonstrated feasibility of the proposed
method to perform stair-climbing independently. The stair-
climbing experiment with the end user showed that the stair-
climbing could be realized by only user’s upper body strength
with a regular wheelchair based mobility device.
Second, we proposed an active rotary-legs mechanism
for stair-climbing mobility device in case study B. The
mechanism is designed based on the torque distribution
between active components and passive components for more
energy efficient stair-climbing mobility device. We described
design guidelines, and then developed a prototype based
on the previously developed stair-climbing mobility device
which has the posture transition mechanism. We verified the
proposed methodology through the stair-climbing experiment
with a dummy instead of human participants for safety
consideration. The experimental results are preliminary, but
demonstrated feasibility of the proposed method for energy
efficient stair-climbing. Compared to other stair-climbing
mobility device, developed prototype has only 100 W in total
for stair-climbing.
Third, we proposed a step-climbing methodology for
standing mobility device. We verified the proposed method-
ology through the preliminary experiments using a dummy
with help of a human participant.
Last, we showed an answer to the research question based
on all findings of this research.
VIII. C ONTRIBUTION OF THIS WORK
A. Contribution to Step/Stair-climbing Mobility Devices
The main contribution of this research is to introduce
the methodology to perform step/stair-climbing using user’s
capabilities such as upper body strength to the field of
existing step/stair-climbing mobility devices focusing on
mechatronics. This approach would help to realize long-
term independent social life, especially for people who need
to use assistive mobility devices such as wheelchairs. Also,
this research shows guidelines as well as practical examples
for designing future mobility devices for human centered
assistive devices.
B. Contribution to Human Informatics
First, informatics is defined in Cambridge Dictionary as
follows:
• Informatics studies the structure, behaviour, and interac-
tions of natural and artificial systems that store, process,
and communicate information.
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Basedon the definition, human informatics is defined in this
research as the study of structure, behaviour, and interactions
of human and any systems that store, process, and utilize
information.
The main contribution of this research to human infor-
matics is to propose modelling methodologies which uti-
lize physical interactions between human and machine in
step/stair-climbing scenario. The approach of this research
would be able to help to design human centered assistive
mobility devices which support human locomotion. Lots of
countries, especially Japan are facing ultra aging society,
which more people has limited capabilities in their daily
life. For long-term healthy and independent social life, the
proposed approach that makes use of human capabilities
is beneficial and opens a new door for area of human
informatics.
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